Nonalcoholic steatohepatitis is considered as a precancerous condition. However, hepatic carcinogenesis from NASH is poorly understood. This study aims to investigate the activation of pluripotent genes (c-Myc, Oct-4, KLF-4, and Nanog) and morphogenic gene (Gli-1) in hepatic progenitor cells from patient specimens and in an animal model to determine the possibility of normal stem/progenitor cells becoming the origin of NASH-HCC. In this study, expression of pluripotent and morphogenic genes in human NASH-HCC tissues was significantly upregulated compared to adjacent non-tumor liver tissues. After feeding high-fat/calorie diet plus high fructose/glucose in drinking water (HFC diet plus HF/G) for up to 12 months, mice developed obesity, insulin resistance, and steatohepatitis with significant necroptotic inflammation and fibrotic progression, as well as occurrence of hyperplastic nodules with dysplasia; and this model represents pathohistologically as a transition from NASH to NASH-HCC in a pre-carcinomatous stage. High expression of pluripotent and morphogenic genes was immunohistochemically visualized in the dysplasia areas of mouse liver, where there were many OV-6-positive cells, indicating proliferation of HOCs in NASH with fibrotic progression. Moreover, oncogenic transcription factors (c-Myc, KLF-4, and Nanog) were co-localized in these hepatic progenitor cells. In conclusion, pluripotent and morphogenic genes may contribute to the reprogramming of hepatic progenitor cells in driving these cells to be the origin of NASH-HCC in a steatotic and inflamed microenvironment.
Nonalcoholic steatohepatitis is considered as a precancerous condition. However, hepatic carcinogenesis from NASH is poorly understood. This study aims to investigate the activation of pluripotent genes (c-Myc, Oct-4, KLF-4, and Nanog) and morphogenic gene (Gli-1) in hepatic progenitor cells from patient specimens and in an animal model to determine the possibility of normal stem/progenitor cells becoming the origin of NASH-HCC. In this study, expression of pluripotent and morphogenic genes in human NASH-HCC tissues was significantly upregulated compared to adjacent non-tumor liver tissues. After feeding high-fat/calorie diet plus high fructose/glucose in drinking water (HFC diet plus HF/G) for up to 12 months, mice developed obesity, insulin resistance, and steatohepatitis with significant necroptotic inflammation and fibrotic progression, as well as occurrence of hyperplastic nodules with dysplasia; and this model represents pathohistologically as a transition from NASH to NASH-HCC in a pre-carcinomatous stage. High expression of pluripotent and morphogenic genes was immunohistochemically visualized in the dysplasia areas of mouse liver, where there were many OV-6-positive cells, indicating proliferation of HOCs in NASH with fibrotic progression. Moreover, oncogenic transcription factors (c-Myc, KLF-4, and Nanog) were co-localized in these hepatic progenitor cells. In conclusion, pluripotent and morphogenic genes may contribute to the reprogramming of hepatic progenitor cells in driving these cells to be the origin of NASH-HCC in a steatotic and inflamed microenvironment. Hepatocellular carcinoma (HCC) is one of the most common malignancies with increasing incidence in many countries. Various risk factors of HCC have been identified, including hepatitis B or C virus (HBV or HCV) infection and alcohol consumption. As nonalcoholic fatty liver disease (NAFLD) becomes epidemic, its progressive form, nonalcoholic steatohepatitis (NASH), may progress to fibrosis/cirrhosis or endstage liver disease (ESLD). As one of the fatal consequences or complications of ESLD, NASH-associated HCC (NASH-HCC) has significantly contributed to an increased incidence of HCC in the United States in the latest few decades. 1, 2 NASH-associated ESLD and HCC have become the second etiology for liver transplantation in the United States. 3 It is not surprising that HCC develops in cirrhotic livers; however, NASH-HCC does occur in NASH without cirrhosis although the incidence remains relatively low. 4 How HCC develops in a steatotic microenvironment and what factors facilitate the initiation of NASH and progression to fibrosis, and promote the development, progression, and metastasis of NASH-HCC are intriguing in revealing an oncogenic process in persistent steatohepatitis and progressive fibrosis in NASH patients, and of great value in the development of clinical monitoring guidelines in NASH individuals with high risk.
Cancer stem cells (CSCs) or tumor-initiating cells (T-ICs) are thought to be the origin for oncogenic development, progression, metastasis or relapse after resection, or adjuvant interventions. The origin and existence of CSCs or T-ICs in HCC development face great challenges and are under an active debate. One assumption postulates that CSCs or T-ICs may derive from steatotic hepatocytes. 5, 6 Others hypothesize the transformation of liver progenitor cells, such as hepatic oval cells (HOCs) or ductular epithelial cells that normally are responsible for replacement of injured or dead hepatocytes or cholangiocytes, under an inflamed microenvironment with epigenetic or genetic modification. 6, 7 However, what factors and how these factors (such as a microenvironment) affect the transformation from normal repairing or regenerative cells to malignant CSCs or T-ICs is elusive, and demands a great effort in clinical observation and laboratory investigation using a proper animal model.
Pluripotent genes are transcription factors (eg, c-Myc, KLF-4, Nanog, Oct-4, and Sox-2) that could reprogram somatic cells into induced pluripotent stem cells (iPSCs), and have been of the revolution in terms of their capability in reprogramming a cell fate, and are fundamental in regenerative medicine. However, these pluripotent transcription factors did induce tumors during the process of iPSC reprogramming in a rather high rate. 8 At the same time, the involvement of hedgehog signaling in NASH and fibrotic progression may add an additional morphogenic influence toward malignant transformation. 9 Therefore, we hypothesized that the occurrence of oncogenic pluripotent and morphogenic factors in steatotic liver might facilitate the oncogenic transformation of steatotic hepatocytes or liver progenitor cells, which may provide valuable insights into existing questions regarding how HCC develops during NASH and fibrotic progression.
In the present study, we examined pluripotent genes (c-Myc, Oct-4, KLF-4, and Nanog) and morphogenic gene (Gli-1) in NASH-HCC patient specimens and an animal model of neoplastic transition from NASH to hyperplastic nodules of pre-carcinomatous lesions. Our clinical and experimental findings conferred supporting evidence in demonstrating that activation of pluripotent and morphogenic genes in NASH might be crucial for the oncogenic transformation of steatotic hepatocytes or liver progenitor cells during NASH-HCC development.
MATERIALS AND METHODS Procurement of Tissue Specimens from Fudan University Liver Cancer Institute Tissue Repository
The use of pathology-confirmed and surgically-resected liver cancer specimens from the Liver Cancer Institute Tissue Repository was approved by the Ethic Committee of Fudan University School of Basic Medical Sciences. From 42000 cases of resected paraffin-embedded HCC specimens, 14 pairs of HCC and peri-carcinoma liver tissues were identified after excluding HBV, HCV, alcoholic, and any other genetic or non-genetic liver diseases. Steatosis or steatohepatitis without cirrhosis in peri-carcinoma tissues was histologically confirmed.
Mouse Model of NASH-HCC C57BL/6J male mice aged about 6 weeks were obtained from Nanjing Biomedical Research Institute of Nanjing University, Nanjing, China. Mice were randomly separated into two groups: HFC diet+HF/G group (high-fat/calorie diet plus high fructose/glucose in drinking water, n = 20) and control diet group (n = 10). Mice were maintained at 22°C in a specific pathogen-free facility of Fudan University Experimental Animal Center on a 12 h light/dark cycle. Mice in HFC diet+HF/G (high-fat/calorie diet plus high fructose and glucose) group were fed a high-fat/calorie diet with 60% kcal from fat (cat. no. D12492, Research Diets, New Brunswick, NJ, USA) similar in composition to an American fast-food diet, supplemented with a final concentration of 42 g/l of fructose/glucose in drinking water (23.1 g/l fructose (w/w: 55%)+18.9 g/l glucose (w/w: 45%) (Sigma-Aldrich, St Louis, MO, USA)). 10 Control mice were fed a chow pellet diet containing 12% kCal from fat with normal drinking water. Food and drinking water were provided ad libitum. The consumption of diet was monitored by calculating difference between provided and remaining diet on each cage weekly. Body weight of each mouse was weighed weekly. Animal care and procedures were approved by the Institutional Animal Care and Use Committee, Fudan University School of Basic Medical Sciences, and all procedures were conducted following the NIH Guidelines of Experimental Animal Handling and Use.
Animal Killing and Tissue Collection
Mice were anesthetized with sodium pentobarbital (60 mg/kg, i.p.). Blood was collected from the eye orbit, and mice were killed by cervical dislocation under anesthesia. Serum was separated by centrifugation (1000 g for 10 min at room temperature). Fresh liver tissue from each mouse was divided into three parts: the first was for formalin fixation and paraffin embedding; the second was transferred to 1.5 ml For each row, the left three images were the representative immunofluorescent images of c-Myc (red), Oct-4 (red), KLF-4 (red), Nanog (green), and Gli-1 (red) staining on adjacent non-tumor liver specimens of nonalcoholic steatohepatitis (NASH, first column), separation of fibrous septa (second column), and NASH-HCC area (third column). DAPI was used for nuclear staining (blue). Images were taken at original magnification (×400). Scale bars = 50 μm. On the right column are panels of the quantitative RT-PCR data of the corresponding pluripotent morphogenic gene expression in paraffin-embedded human liver tissue. *Po0.05, tumor compared to peri-tumor liver tissue. Number of tumor specimen = 14; number of peri-tumor specimen = 5 (only 5 in 14 peri-tumor specimens had adequate RNA from formalin-fixed and paraffin-embedded tissues for quantitative RT-PCR assay). In each scatter diagram, red dots with same shape represent the specimens from the same patient.
RNase-free microcentrifuge tubes containing 1 ml TRIZOL reagent for total RNA extraction; and the third was snapfrozen in liquid nitrogen and stored at − 80°C.
Intraperitoneal Glucose Tolerance Test
To assess glucose tolerance, intraperitoneal glucose tolerance test was performed as follows: after being fasted for 15 h, mice were injected intraperitoneally with glucose (2.5 g/kg body weight), and glucose level in blood from tail vein incision was measured at 0, 30, 60, 90, and 120 min after glucose administration by a portable glucometer (cat. no. HGM-112, Omron Company, Dalian, China).
Biochemical Analysis
Serum levels of alanine transaminase (ALT), aspartate transaminase (AST), total bilirubin (TBIL), and total cholesterol (TCHO) were determined by an automated biochemical analyzer (Olympus AU1000; Olympus Corporation, Tokyo, Japan). Liver triglyceride (TG) levels were measured with a TG quantification kit according to a protocol provided by the manufacturer (cat. no. E1013, Applygen Technologies, Beijing, China). Total hepatic hydroxyproline content was measured with a commercial detection kit following the manufacturer's instructions (cat. no. A030, Jiancheng Biotechnology Company, Nanjing, China). 11 Fasting serum insulin (FINS) was measured using an Ultrasensitive Mouse Insulin ELISA kit (cat. no. EZRMI-13K, Millipore, Billerica, MA, USA). Homeostasis model assessment-insulin resistance (HOMA-IR) index was calculated based on the following formula: 12 HOMA-IR = (FINS (mU/l) × fasting serum glucose (mmol/l))/22.5.
RNA Extraction and Real-Time Reverse Transcription PCR RNA was extracted from two different types of specimens: paraffin-embedded human liver tissue and fresh mouse liver tissue. RNA from paraffin-embedded human tissue was extracted from thick (10 mm) paraffin-embedded HCC and peri-carcinoma sections by using the Recover-All Total Nucleic Acid Isolation Kit (cat. no. AM1975, Ambion, Austin, TX, USA). Total RNA of fresh liver tissue was extracted using TRIZOL reagent. The amount and quality of RNA were determined by a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Total RNA (2 μg) was reversely transcribed into cDNA templates using a PrimeScript RT reagent kit (cat. no. RR037A, Takara Bio, Dalian, China). Quantitative RT-PCR amplification was performed with a Power SYBR green PCR Master Mix (cat. no. 4368708, Applied Biosystems, Foster City, CA, USA) in triplicate using an Eppendorf realplex cycler (Eppendorf, Hamburg, Germany). Relative gene expression was calculated using 2 − ΔΔCt method 13, 14 and normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) house-keeping gene control. Primers utilized in quantitative RT-PCR are listed in Supplementary Table S1 .
Histopathological Analysis
Formalin-fixed and paraffin-embedded liver tissues were sectioned routinely and stained with hematoxylin and eosin (H&E). All liver sections were examined, and extent of steatosis, cell necrosis, inflammatory infiltration, and fibrosis were semi-quantitatively scored according to the criteria of NAFLD activity by a board-certified pathologist blind to the animal experimental protocol. In the scoring system proposed by Kleiner et al, 15 the NAFLD activity score (NAS) is defined as the unweighted sum of steatosis (0-3), lobular inflammation (0-3), and hepatocellular ballooning degeneration (0-2). 'NAS ≥ 5' means 'definitive NASH,' 'NAS = 3 or 4' stands for 'borderline NASH,' whereas 'NAS ≤ 2' represents 'non-NASH.' After Masson's trichrome staining (cat. no. HT-15, Sigma-Aldrich), hepatic fibrosis was semi-quantitatively scored using the following criteria: 15 
ELISA Determination of TNF-α and IL-1β Concentration in the Mouse Liver
To determine the concentrations of TNF-α and IL-1β, mouse livers in 50 mg wet weight were cut into small pieces on dry ice and then homogenated in 0.65 ml of tissue homogenization buffer containing 20 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM EDTA, and 0.1% SDS (pH 7.5) with protease inhibitors cocktail (cat. no. P8340, Sigma-Aldrich). The resulting homogente was centrifuged for 30 min at 16 000 g at 4°C. Supernatant was collected and determined for protein content using the Activation of pluripotent genes in NASH-HCC G Xu et al BCA protein assay kit (cat. no. 23225, Pierce, Rockford, IL, USA). TNF-α and IL-1β concentration was then determined by commercially available ELISA kits (cat. no. 88-7324, 88-7013 eBioscience, San Diego, CA, USA) according to manufacturer's instructions. TNF-α and IL-1β levels were expressed as pg/mg total protein.
Immunofluorescent and Immunohistochemical Staining
Immunofluorescent and immunohistochemical staining was performed according to the standard protocols. Briefly, tissue sections were deparaffinized, rehydrated, and subjected to antigen retrieval by immersing sections in citrate buffer (10 mM sodium citrate; pH 6.0) at 95°C for 30 min, and allowed to cool for 30 min. Slices were washed in PBS for 5 min for three times, treated with 3% H 2 O 2 for 30 min to block endogenous peroxidase activity, and rinsed in PBS for 5 min. Sections were blocked with 3% bovine serum albumin, followed by incubation with primary antibody at 4°C overnight, and rinsed in PBS for 5 min for three times. For immunohistochemical staining, sections were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature, and color was developed with a 3,3′-diaminobenzidine chromogenic reagent (cat. no. ZLI-9017, Beijing Zhongshan Golden Bridge Biotechnology, Beijing, China) and counterstained with hematoxylin. For immunofluorescent staining, sections were incubated for 2 h at room temperature with secondary antibody, and nucleus was counterstained with 4′6-diamidino-2-phenylindole (DAPI) (cat. no. C1005, Beyotime Biotechnology, Haimen, China). Sources and dilutions of antibodies used in this study are specified in Supplementary  Table S2 . Ten randomly chosen fields of immunohistochemical or immunofluorescent staining sections were photographed under × 400 magnification. Percentage of the positive cell count was analyzed with ImageJ software (the National Institutes of Health). In addition, OV-6 was co-stained with Nanog, c-Myc, or KLF-4, and nucleus was counterstained with DAPI.
Statistical Analysis
Numerical data were presented as means ± s.e.m. Unpaired student t-test was used for comparison between two groups. Fisher test was used for analysis of more than two groups followed by q-test for comparison between given two groups. The Wilcoxon rank sum test was used for analysis of semi-quantitative histopathological scores. P-value o0.05 is considered to be statistically significant.
RESULTS

Histopathological Features of NASH-HCC
In the present study, 14 cases of non-cirrhotic NASH-HCC tissues without HBV or HCV infection, alcohol abuse, and other liver diseases were identified from 42000 pathologically-confirmed resecting specimens. NASH-HCC represents great heterogeneity in histopathology, which was classified morphologically into six subtypes (Supplementary Figure S1 ). Figure S2A-E) . These findings of immunohistochemical staining were confirmed by quantitative RT-PCR as shown in bar graft panels next to corresponding micrographic images (Figure 1 ), in which paired NASH-HCC and non-tumor specimens from same patients were shown in red.
NASH-HCC (Supplementary
Diet-Induced Obesity, Glucose Intolerance, and Insulin Resistance Mice fed HFC diet plus HF/G exhibited a gradual gain in body weight and obesity over time, and reached approximately more than twofold in body weight of control mice after 12 months of feeding (Supplementary Figure S3A) . The gain in body weight was accompanied with an increase in liver weight (Supplementary Figure S3E) . In contrast, mice receiving the control diet displayed a normal growth curve of body weight (Supplementary Figure S3A) . The volume of brown, subcutaneous, and visceral adipose tissue in mice fed HFC diet plus HF/G was remarkably greater than that in control mice at 9 months (Supplementary Figure S5) . To determine the extent of glucose intolerance, glucose (2.5 g/kg body weight) was injected intraperitoneally. It was evident that fasting blood glucose concentration in mice fed HFC diet plus HF/G was strikingly elevated when compared to control mice (161.6 ± 10.7 vs 73.8 ± 3.7 mg/dl at 12th month, Po0.05), and plasma blood glucose levels sustained at much higher levels 2 h after an intraperitoneal glucose load (Supplementary Figure S3B-D) . In accordance, a two to threefold increase in fasting insulin levels and striking elevation in HOMA-IR values were notable in mice fed HFC diet plus HF/ G compared to the controls (Supplementary Figure S3F-G) . Thus, these results verified that feeding HFC diet plus HF/G resulted in severe obesity, glucose intolerance, and insulin resistance.
Mice Fed HFC diet plus HF/G Developed Steatohepatitis and Disordered Lipid Metabolism Feeding mice HFC diet plus HF/G led to an at least eightfold increase in hepatic TG content (Figure 2d ), which was in accordance with the increase of liver weight (Supplementary Figure S3E) . The hepatic TG content remained at around 82.9 ± 5.8 and 79.5 ± 3.7 μg/mg fresh tissue at 5 months and Figure S6D) reached a peak 12 months after feeding HFC diet plus HF/G. These findings indicated that HFC diet plus HF/G caused hepatic steatosis with marked necroptotic activity (spotty or focal cell death) in mice by 5 months (Figure 2aB ). An at least threefold increase in serum ALT and AST levels was seen in mice receiving HFC diet plus HF/G feeding (Supplementary Figure  S4A and B) compared to the controls. In mice fed HFC diet plus HF/G, both ALT and AST levels reached a peak at 9 months (ALT: 555.0 ± 45.9 IU/l; AST: 487.5 ± 49.9 IU/l) and then declined at 12 months (ALT: 270.3 ± 50.3 IU/l; AST: 381.7 ± 54.4 IU/l). Mice fed HFC diet plus HF/G also showed an increase in total serum TBIL (approximately onefold increase at 12th month) (Supplementary Figure S4C) and serum TCHO (more than twofold) (Supplementary Figure S4D) . Notably, the difference of serum TBIL between these two groups was remarkably increased overtime (Supplementary Figure S4C) , suggesting the progression and persistence of steatohepatitis in mice fed HFC diet plus HF/G. Inflammatory infiltration (Figure 2aF ) was semi-quantitatively assessed, and the score seemed to be increasing after feeding HFC diet plus HF/G for 5, 9, and 12 months (Supplementary Figure S6B) .
Disordered Cytokines and Adipokines in Mice Fed HFC Diet Plus HF/G
There was an increase in liver TNF-α and IL-1β mRNA levels (Figure 3a and b) and protein content (Figure 3c and d) in mice receiving HFC diet plus HF/G feeding, especially at late stages. In consistence with increased TNF-α and IL-1β levels, CD163-positive Kupffer cells were progressively more than control livers, especially in the late stage (Figure 3e and f) . Expression of liver leptin was suppressed in the late stage Activation of pluripotent genes in NASH-HCC G Xu et al of HFC diet plus HF/G feeding, while, a low expression level of liver adiponectin was observed at all time points during HFC diet plus HF/G feeding (Supplementary Figure  S4E and F).
Mice Receiving HFC Diet Plus HF/G Feeding Developed Marked Hepatic Fibrosis
Liver mRNA levels of smooth muscle α-actin (α-SMA) and procollagen type I (COL1A1 and COL1A2) in mice fed HFC diet plus HF/G were significantly higher than the controls (Figure 4e-g ), which was verified by quantitation of liver hydroxyproline content (Figure 4h ), collagen type I staining (Figure 4a and b) , and morphometric analysis of fibrotic area (Figure 4b ). There was a progressing and more than twofold increase in liver hydroxyproline content ( Figure 4h ) and threefold increase in fibrotic area semi-quantitation ( Figure 4d ) at 12th month compared to these at 5 months of HFC diet plus HF/G feeding. As shown in Masson's trichrome staining and collagen type I staining, collagenous fiber deposited in the hepatic lobule (5, 9, and 12 months), the portal tract (9 and 12 months), and the perisinusoidal and peri-hepatocellular space (12 months Figure S6B) , and hepatocellular ballooning degeneration (Supplementary Figure S6D) , overall NAFLD activity appeared to keep increasing overtime (Supplementary Figure S6E) . By 12 months of feeding, extent of steatosis and necroptotic activity actually became moderate; however, hepatic fibrosis appeared to be at an advanced stage without obvious disruption of liver architecture ( Figure  4a , c, d and h).
Mice Fed HFC Diet Plus HF/G Developed Hyperplastic Nodules with Dysplasia
No visible nodule was observed in mouse liver after HFC diet plus HF/G feeding for 5 or 9 months. However, 3 of 10 mice developed hyperplastic nodules with dysplasia: two visible nodules (4 × 5 mm and 2 × 3 mm) occurred in the liver of two mice after feeding for 12 months (Figure 5aB ), and the whole liver of another mouse appeared to be in a hyperplastic stage (Figure 5aC ). In contrast to the liver from mice fed control diet (Figure 5aA ), the livers from mice fed HFC diet plus HF/ G were generally larger, with a faint yellow and greasy surface. In tissue from the hyperplastic liver, CD31 staining (an indicator of angiogenesis, Figure 5aD 
DISCUSSION
The pathogenesis of NASH-HCC development and progression is poorly understood, and we hypothesize that activation of pluripotent and morphogenic genes in steatotic liver accelerates oncogenic transformation of steatotic hepatocytes or liver progenitor cells. c-Myc, KLF-4, Nanog, and Oct-4 are pluripotent genes and they are so-called Yamanaka's factors. They participate in the formation of stem/progenitor cells and control their self-renewal, proliferation, and differentiation. These factors (including c-Myc, KLF-4, Oct-4, Sox-2, or Lin28) are sufficient to reprogram somatic cells into few clones (o1.0%) of iPSCs and much more granular clones. 8, [16] [17] [18] In fact, most of non-embryonic stem cell (ESC)-like colonies are tumor-like spheroids. 17 It is known that both undifferentiated ESCs and iPSCs form teratoma in immunodeficient mice, and teratoma formation is a standard method to assess the pluripotency of stem cells. 8, 19 The remaining question is what these pluripotent transcription factors will do when they are activated in vivo such as in hepatic progenitor cells or steatotic hepatocytes in an inflammatory environment, since both hepatic progenitor cells and steatotic hepatocytes are thought to be possible origins of NASH-HCC. 20, 21 Growing evidence from hepatitis virus-positive specimens has shown that c-Myc, KLF-4, Nanog, and Oct-4, as well as a morphogenic gene Gli-1 are highly expressed in HCC with HBV infection, and may serve as an indication of poor prognosis. 22, 23 However, no studies are seen whether these factors are activated in NASH-HCC, and the influences of these factors on hepatic progenitor cells in the transition from NASH to HCC remain unexplored. CSCs or T-ICs are believed to be responsible for the oncogenesis, progression, metastases and relapse after surgical resection or adjuvant therapies. This hypothesis has been convincing for tumorigenesis, metastases and relapse of various types of cancers, such as breast, colon, pulmonary, prostate, and liver cancers. However, controversies do exist regarding the origins of CSCs or T-ICs, surface markers for identification, and their derivation and new occurrence or induction through progression and intervention. 6 We have previously identified CD133 + /ADH + or EpCAM + cells in HCC specimens from HBV and HCV patients. 24 Although we believed that these markers are able to identify CSCs in cancer tissue, they may be less useful for the indication of malignancies. Because there was a higher positive rate of these markers in liver specimens with chronic viral hepatitis than HCC tissue due to the fact that these markers are positive in progenitor cells in the liver, and there is a profound activation of progenitor cells in the liver with chronic injury. 24 In the present study, activation of pluripotent and morphogenic genes was confirmed in the liver from mice fed HFC diet plus HF/G, and the activation levels tended to be increased overtime (Figures 7 and 8) . Therefore, we postulate that there were more progenitor cells activated during the late stage of HFC diet plus HF/G feeding along with persistent necroptotic, inflammatory activity, and fibrotic progression as observed in this transition model of NASH to malignancy.
In rodents, HOCs in the canal of Hering are believed to be the progenitor cells. HOCs are bipotent and able to further mature to hepatocytes or cholangiocytes when there is injury causing loss of hepatocytes or cholangiocytes, especially under a condition in which hepatocellular proliferation is inhibited, 25 and so do small hepatocyte-like cells in a scenario of pre-treatment with retrorsine before partial hepatectomy. 26 One study indicated that bone morrow cells may migrate into injured liver to become the source of oval cells. 27 In human liver, ductular epithelial cells, 28 or primitive hepatic stem cells 29 and EpCAM-positive cells are believed in a progenitor cell compartment. The activation of hepatic progenitor cells in human specimens with NASH have been reported in the area with significant hepatic fibrosis in pediatric patients. 30 Proliferation of BDECs is often seen in cholestatic disorders, such as primary biliary cholangitis or primary sclerosing cholangitis (PSC), and NASH patient specimens. 31 The counter-staining of CK-19 with Ki67 did not show significant overlapping in the livers from mice fed HFC diet plus HF/G for 12 months in the present study, indicating BDEC proliferation was not a major event in the progression of NASH to fibrosis and dysplasia in these mice. It is known that Activation of pluripotent genes in NASH-HCC G Xu et al aberrant or continuing proliferation of HOCs may lead to HCC or cholangio-carcinoma in a choline-deficient plus ethionine model or by 2-acetylaminoflourene treatment followed by partial hepatectomy with or without initiation by diethylnitrosamine. 29, 32, 33 However, how these cells are activated and whether they are the origin of oncogenic On the basis of these understandings, we first examined the expression of pluripotent and morphogenic genes (c-Myc, Oct-4, KLF-4, Nanog, and Gli-1) in NASH-HCC tissues, and found that they were much more positive than adjacent non-tumor tissues with NASH evidence. These findings are in concordance with the previous studies on HCC. 22, 23 Although evidence had shown the downregulation of KLF-4 in HCC, 35 we found its high expression in NASH-HCC. This deviation might be caused by HCC heterogeneity or the base diseases (most of cases were HBV positive in the previous study). Therefore, c-Myc, Oct-4, KLF-4, Nanog, and Gli-1 were activated in NASH-HCC tissue; however, their significance was unclear.
To further delineate whether the activation of pluripotent and morphogenic genes would affect responses or cell fate of HOCs, we developed a transition model of NASH-HCC in mice. After feeding HFC diet plus HF/G for up to 12 months, mice developed obesity, glucose intolerance, steatohepatitis with progressive fibrosis, insulin resistance, and disturbed lipid metabolism. In this model, there was significant activation of Kupffer cells with increased TNF-α and IL-1β at both mRNA and protein levels. Progressive fibrosis was evident at late stages of HFC diet plus HF/G feeding as indicated by more activated HSCs (α-SMA staining and mRNA levels), increased collagen type I staining, semiquantitative score of fibrosis, as well as hydroxproline quantitation. However, both steatotic extent and necroptotic activity (ALT and AST levels), became less severe at 12 months compared to those parameters at 9 months in this model. Slightly decreased steatotic extent at later stages may be resulted from negative feedback in fatty acid synthesis as Figure 7 Enhanced expression of pluripotent Nanog gene and morphogenic Gli-1 gene in hyperplastic dysplasia tissue. C57BL/6J mice were fed a control diet or high-fat/-calorie diet plus high fructose/glucose in drinking water (HF/C diet plus HF/G) for 12 months. (a, b) Representative micrographs and semi-quantitation (c, d) of immunohistochemical staining of Nanog and Gli-1 in mouse liver at 5, 9, and 12 months. The positive signal was developed with DAB (in brown color indicated by arrow symbols). Representative images were recorded at original magnification (×400), and scale bars = 50 μm. *Po0.05 and **Po0.01 compared to mice fed control diet at corresponding time point. indicated by less enhanced gene expression of enzymes (acetyl CoA carboxylase and fatty acid synthase) in a similar model of NASH-HCC for 1 year duration. 36 The discrepancy between less necroptotic activity and progressive fibrosis at the late stage may result from fibrotic influence and is seen in other models of severe fibrosis/cirrhosis, such as carbon tetrachloride (CCl 4 ) or thioacetamide (TAA) intoxication. 11 Hyperplastic nodules are indicative of aberrant proliferation of hepatocytes, and were seen with dysplasia in some of mice. Thus, these hyperplastic nodules are in an intermediate stage of transformation to malignancy, and pluripotent genes (c-Myc, Oct-4, KLF-4, and Nanog) and a morphogene (Gli-1) were positive in the liver with significant dysplasia (Figures 6  and 7) as evidenced by specific staining (CD34, CD31, reticular fiber, and Ki67 in Figure 5b and c) . Furthermore, in the transition model with pre-carcinomatous lesion, oval cell antigen 6 (OV-6) was extensively expressed in the portal triads of hyperplastic dysplasia tissue. As a specific marker of HOCs, OV-6 co-localization with c-Myc, Nanog, and KLF-4 is therefore indicative of malignant transformation in cell fate under a persistent steatotic and inflamed microenvironment. These HOCs with malignant tendency may be well reprogrammed to the candidates of CSCs/T-ICs with coexpression of pluripotent and oncogenic transcription factors in combination with a disordered profile of inflammatory cytokines (TNF-α, IL-1β) or/and adipokines (leptin and adiponectin). Thus, presumably, with an extended duration, these hyperplastic nodules with dysplasia will develop to hepatic malignancy of either HCC or cholangio-carcinoma. c-Myc is a well-known oncogenic factor, which regulates cell growth, proliferation and differentiation, and it is a driving force for oncogenic transformation in various conditions. [37] [38] [39] [40] KLF-4 possesses a potent oncogenic function in mammary tumorigenesis via maintaining stem cell-like features, and is critical for the development, stemness, and tumorigenesis of HCC. 41 Elevated expression of KLF-4 in HCC is significantly correlated with poor tumor differentiation, vascular invasion, overall survival, and recurrence-free survival. 22 As a major pluripotent factor, Oct-4 is highly expressed in liver CSCs [42] [43] [44] and may contribute to the reprogramming of CSCs. Gli-1 is the main transcription factor in hedgehog signaling pathway, which is activated in various chronic liver diseases. It is believed to be responsible for fibrogenesis and oncogenic transformation of steatotic hepatocytes, 9 as well as drug resistance and metastasis of HCC as demonstrated in our previous studies. 13, 14 Nanog is also an oncogenic transcription factor with participation in the reprogramming process of cell fate changes. Its involvement in hepatic carcinogenesis was evidenced by the fact that silencing Nanog attenuated tumorinitiating capability of liver CSCs. 45 Nanog also participates in the self-renewal of hepatic CSCs that express CD24. 46 Therefore, we hypothesize that proliferation of HOCs in NASH participates in repairing liver damage, and some of them may transform into CSCs/T-ICs under the steatotic and inflamed microenvironment although further evidence is needed to functionally prove this with technologies, such as lineage tracing. Thus, hypothetically, enhanced expression of pluripotent and morphogenic genes (c-Myc, Oct-4, KLF-4, Nanog, and Gli-1) may reprogram these progenitor cells to change their fate toward origins of malignancy in an inflamed and steatotic microenvironment as illustrated in a schematic depiction (Figure 9 ), although more rigorous investigations are needed to approve this in vivo.
In conclusion, the findings of the present study demonstrate that pluripotent and morphogenic genes, such as c-Myc, Oct-4, KLF-4, Nanog, and Gli-1 are highly expressed in NASH-HCC tissue, and expression of stemness genes in hepatic progenitor cells may contribute to the reprogramming of HOCs to transform toward cell origins of malignancy in a steatotic and inflamed microenvironment. This initial observation highlights the possibility that hepatic progenitor cell compartment may become one of origins in NASH-HCC development.
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